This paper presents the stepwise SPICE model generation for Transient Voltage Suppression (TVS) diodes allowing to represent the 2 nd and 3 rd harmonic distortion behavior in circuit based simulations. The model is based on semiconductor physics and generated using measurement data of the device. The generation of this model is based on the I/V characteristics, the behavior of the capacitance versus diode voltage variations, and tuning at one single input power level at the fundamental frequency as well as for the 2 nd and 3 rd
INTRODUCTION
Harmonic Distortion (HD) is a well-known phenomenon in radio frequency (RF) applications like amplifiers and receivers. It is part of standard device characterization to look at the frequency spectrum at the device output. Trends in the market for TVS diodes show rising requests for diodes with optimized HD behavior. Frequencies of interest are mainly found in wireless applications like GSM (900 MHz, 1800 MHz) and WiFi (2.4 GHz, 5 GHz), UMTS (3G) or LTE (4G). In general, TVS Diodes are made for overshoot protection of supply lines as well as for data lines of interfaces, e.g. like USB, DVI or HDMI. The development of TVS diodes for supply lines in the past had only limited attention on the frequency behavior. To predict the result of design improvements of an existing product, the easiest way is to model the device first and simulate potential improvements. In that manner, a new field of modelling emerged. This paper presents the first steps of this modelling and simulation process.
HARMONIC DISTORTION
According to (Pozar 2011) and (Maas 1988 ) the HD phenomena can be described by an input voltage v i and an output voltage v o which results according to the Taylor series in equation (1):
Considering v i being a single frequency sinusoid:
The equations (1) and (2) lead after some transformation to: 
The harmonics in general are related to non-linear dependencies, e.g. the quadratic, cubic and higher terms in equation (1). From equation (3) the generation of second harmonic waves caused by a non-linear device can be identified as:
And the third harmonic wave is 
In this paper harmonic distortion of higher orders than three will be neglected. This is reasonable since for higher orders of HD components the magnitude of those components is usually decreasing for increasing order. Nevertheless, an extension of the modelling process to consider higher harmonic orders is straight-forward. In wireless applications the second harmonic and the third harmonic waves are of rather high importance: E.g. for any GSM-850 mobile phone the specified uplink spectrum is 824 -849 MHz (3GPP, 2005) . Therefore any unwanted harmonic signal would appear in the spectrum at 1648 -1698 MHz for 2 • 0 and at 2472 -2547 MHz for 3 • 0 . The latter would partly fall in the 2.4 GHz WiFi spectrum and might cause a degradation. In the same way the 2 nd harmonic of a GSM-900 system might interfere with the communication of a DCS-1800 system.
THE PROTECTION DIODE
The purpose of the protection diode (TVS) is to take over the current in case of electrostatic discharge (ESD). In the simplest case, one diode with low ohmic resistance is used. According to the I/V curve it is conductive above a certain voltage. For a silicon diode that just means around 0.7 V. Inside an application, the ESD protecting device is assumed to be inactive until an ESD event occurs. This requirement is usually also in line with the need of low leakage currents. Putting these requirements together it can result in a configuration with two diodes connected in series where the anodes are connected to the same node ( Figure 1 ). In this case one diode is always in reverse direction and makes the combination inactive until the breakdown voltage is reached.
A semiconductor device usually comes along with a capacitive behavior caused by the junction capacitance which is in general voltage dependent (Reisch, 2005) . The dependency of a junction capacitance C J versus the applied voltage V can be seen in equation (6) where C J0 is known as the junction capacitance at 0 V, V J is the junction potential and M is known as grading coefficient. The grading coefficient reflects the abruptness of the PN junction.
This dependency can be measured and used for the model alignment.
THE DIODE MODEL
In general, a SPICE model (Nagel, 1973 ) of a diode consists of several parameters related to the physical behavior of the diode. An exemplary definition of a diode model can be seen in Figure 2 .
The represented parameters in this model are the saturation current (I s ), the ohmic resistance (R s ), the linear capacitance (C d ) the zero-bias junction Port 1
Diode1
Diode2 capacitance (C jo ), the junction potential (V j ), the reverse breakdown voltage (B v ), the emission coefficient (N), and the grading coefficient (M). As it can be found in (Reisch 2005 ) the extraction of the parameters I s , N and R s can be done by using three points of an I/V curve. In reverse direction, the breakdown voltage (B v ) and the related current (I bv ) can be fitted along the measured I/V curve. To get the values C d and C jo the model needs to be fitted along an C(V) curve (Reisch 2004, p.75) .
MEASUREMENTS

Voltage dependency of capacitance
The capacitance variation versus the applied diode voltage is measured using a precision LCR Meter (Keysight E4980A ) which offers precise measurements of the capacitance value with an accuracy of +/-0.05% and bias level up to 40 V. For the diode to be modelled a range from -4 V to 4 V was used. The test frequency for the capacitance measurement was 1 MHz. The device under test (DUT) was probed with needles.
Harmonic Distortion
The measurement setup for the harmonic distortion itself consists of a signal generator, attenuators and a DC block to protect the input of the spectrum analyzer, a band pass filter for suppression of unwanted signals and a high pass filter to remove the strong fundamental wave from the harmonic measurements in order to avoid saturation of the spectrum analyzer. In particular the 6 dB and 20 dB attenuators ensure a proper 50 Ohm termination to both sides of the DUT position since the band pass and high pass filter have a reactive behavior outside their passband frequencies.
The forward power applied to the DUT is measured by a directional coupler and a power meter. The spectrum analyzer is finally used to measure the level of the harmonic signals for varying levels of the fundamental wave. The DUT itself was soldered on a co-planar wave guide. The complete measurement setup is depicted in Figure 4 . The analyzed fundamental frequency was 837 MHz, resulting in the second harmonic wave with 1.674 GHz and the third harmonic at 2.511 GHz. The input power was varied from -26 dBm up to +20 dBm. The measured data is plotted versus the available forward power of the fundamental wave (f 0 ) at the DUT (Figure 3 ).
SIMULATION
The simulation was performed in three steps. First a draft fitting of the I/V curve was done. That means the breakdown voltage was adjusted according to the measurement data. This ensures that no high current flows through the diodes. Than the model was tuned in order to achieve the C(V) behavior. The third step was the tuning of the harmonic distortion behavior: The model was tuned to match the second and third harmonics for a single level of the fundamental wave of 20 dBm.
Capacitance over voltage
The measured C(V) curve was loaded into the simulation setup. For the first step both diodes were modelled with an identical diode model DiodeM1.
To get a good matching, a minimum of three diode parameters and an additional capacitance (C_extern) -which models the metal-oxide-silicon capacitance -is needed. The external capacitance was finally tuned to C_extern=0.8 pF. For the diode a linear capacitance of C d =1.85 pF, a zero-bias junction capacitance of C jo =5.05 pF and a junction potential of V j =1.308 V was found in order to match the simulation with the measured data. The result can be seen in Figure 5 .
Harmonic Distortion
The complete test bench is shown in Figure 6 . For the particular analysis of the system the same fundamental frequency of RFfreq= 837 MHz was chosen as for the measurements. In order to calibrate the harmonic distortion behavior the ratio between Cd and C_extern was tuned. As this changes also the C over V curve, this step needs to be done iteratively until C(V) matches this specific measurement data as well as the measurement and simulation of the power of the fundamental frequency. C j itself varies with voltage V (Reisch, 2005) as a function of the grading coefficient M. This parameter was used to tune the 3 rd harmonic distortion in order to match the measurement data. To tune the 2 nd harmonic distortion a minimal asymmetry of the grading coefficient was useful. Which results in two different diode models. In Figure 8 the "Two-Diode-Model" is shown in detail. Finally, a matching for the HD behavior for an input power level of +20 dBm was achieved. Figure 7 compares the simulation results with the measurement data for a variation of the forward power level at the fundamental frequency. In part a) the matching of the fundamental wave is shown. In part b) the second and in part c) the third harmonic wave is shown. For forward power level above -5 dBm a very good matching has been achieved. The deviation for HD2 and HD3 visible for level below -5 dBm is caused by the noise floor of the measurement setup: In fact the low level of the harmonic signals is masked by the noise of the spectrum analyzer.
A diode model was generated, that allows to simulate the harmonic distortion of a device. It can be used for optimization of future devices by changing the semiconductor processing and layout structure towards an optimized design as an outcome of the simulation. It was also shown that even the simplest form of a SPICE based diode model covers the non-linear effects that lead to harmonic distortion. This model can be used to do a simulation in form of a design of experiments (DOE). That means by varying all available component parameters the influence of each parameter variation can be evaluated. This allows to identify layout and process improvements. For example the ratio of C j , C_extern and C d can be optimized. Future investigations will lead to modelling of higher harmonics, as well as in more complex semiconductors. As silicon controlled rectifiers (SCR) as well as open base transistors are commonly used instead of TVS diodes, it would be of interest to adapt this SPICE model approach for these devices as well. 
